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Grain coarsening behaviour of solution annealed Alloy 625 between 600-800 
Abstract
As with all alloys, the grain structure of the nickel-base superalloy 625 has a significant impact on its mechanical properties. Predictability of the grain structure evolution in this material is particularly pertinent because it is prone to inter-metallic precipitate formation both during manufacture and long term or high temperature service. To this end, analysis has been performed on the grain structure of Alloy 625 aged isothermally at temperatures between 600-800 • C for times up to 3000 hours. Fits made according to the classical Arrhenius equation describing normal grain growth yield an average value for the activation energy of a somewhat inhomogeneous grain structure above 700
• C of 108.3±6.6 kJ mol −1 and 46.6±12.2 kJ mol −1 below 650 • C. Linear extrapolation between 650-700 • C produces a significantly higher value of 527.7 ± 23.1 kJ mol −1 . This result is ultimately a consequence of a high driving force, solute-impeded grain boundary migration process operating within the alloy.
Comparison of the high and low temperature values with the activation energy for volume self-diffusion and grain boundary diffusion identifies the latter as the principle governing mechanism for grain growth in both instances. A decrease in the value of the time exponent (n) at higher temperatures despite a reduction in solute drag is attributable to the Zener pinning imposed by grain boundary M 6 C and M 23 C 6 particles identified from Transmission Electron Microscopy (TEM) and Energy Dispersive X-ray Spectroscopy (EDXS) analysis.
Vickers hardness results show the dominance of intermetallic intragranular precipitates in
Introduction
Despite its price premium when compared to many other superalloys, the particularly high corrosion resistance and strength offered by Alloy 625 has resulted in its application in a number of specialist areas including petrochemicals, marine and nuclear [1, 2, 3, 4, 5, 6] . One of the key factors considered when utilising the alloy is the formation of secondary phases,
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particularly body-centre-tetragonal (BCT) D0 22 γ ′′ and D0 a orthorhombic δ phase (both with the nominal composition NbNi 3 ), which have been demonstrated to have a significant impact on the mechanical properties of any component [7, 8, 9, 10] . Accordingly, almost all of the published ageing studies carried out using Alloy 625 have focused principally on the formation and evolution of these two phases and the subsequent mechanical effects thereof 10 viz. a discussion of the grain behaviour is absent [11, 12, 13, 14, 15, 16, 17, 18, 19] .
The effects of grain size (demonstrated to be key in governing properties such as creep resistance and strength in nickel-base superalloys [20] ) are particularly significant in components constructed from Alloy 625 due to their being typically being installed in a solution annealed (precipitate free) state [21] . In this regard, therefore, given the propensity of pre-
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cipitates to form in such components in high temperature service [12] alongside inevitable grain growth/coarsening, and owing to their competing effect on mechanical properties, the absence of a detailed study in the literature regarding their effect on Alloy 625 grain growth constitutes a significant omission. This eventuality is particularly significant given the construction of a coherent (over a range of temperatures) description for Alloy 625 grain growth 20 from available literature data is impossible due to the fact that they pertain to Alloy 625 specimens that have been subjected to prior or post heat treatment and/or deformation.
That is to say, the disparate initial grain structures/grain boundary areas, precipitate populations and ageing profiles precludes the chance of any reasonable comparison of previously reported data. Under this circumstance it is the unique, and primary objective of this work 25 to analyse the effect of concomitant precipitate formation on the grain evolution of solution annealed Alloy 625.
Experimental Program
In order to capture the effect of principally both γ ′′ and δ phase, but also carbide phases, ageing of the material was performed at temperatures between 600-800
• C for durations of [22, 23] , and due to its successful demonstration by 35 Shankar et al. [9] to dissolve all precipitates except some primary carbides) before being quenched into water. Similarly, following ageing, microstructural evolution was stopped through immediately quenching the sample into water. Through the analysis of successive ageing times both the effect of the growth and coarsening of γ ′′ precipitates and their ultimate replacement by their thermodynaimcally stable counterpart phase δ can be inferred. This 40 latter phenomenon is widely known to adversely effect the strength of the alloy due to the elimination of the coherency between the matrix and precipitate phase [20, 24] . The composition of the Alloy 625 analysed in this investigation is given in Table 1 . The method used to reveal the grain structure of the aged Alloy 625 material consisted firstly of grinding and polishing each specimen to a scratch-free finish, utilising a fine 0.06µm 
Results and discussion

Grain Structure
The discovery of an inhomogeneous grain structure across all samples (as imaged in Figure 2 ) is attributed to the location of the material in the original forging displayed in Figure 3 . That it to say, numerous researchers have identified the deformation temperature to have a critical influence on the recrystallization behaviour of Alloy 625 [29, 30, 31, 32] , leading to potential significant disparities in the recrystallisation fraction throughout the thickness of products due to thermal gradients [33] . It is, therefore, likely that the lower temperature experienced by the surface adjacent region of the Alloy 625 forging ultimately 70 analysed in this work fell below (owing to both convective/radiative cooling and conduction with the forging press) that which would have been sufficient (depending on the strain rate)
to ensure a uniform recrystallisation. As discussed in the subsequent analysis, the ultimate effect of this inhomogeneous grain structure is to introduce a random fluctuation between adjacently cut samples and even 75 captured images. Nevertheless, given that 1) normal grain growth describes the change in average grain size driven solely by the reduction in grain boundary area [34] , 2) that this factor does not directly correlate with average grain size and 3) the in homogeneity appears uniformly randomised across all samples: Calculation of a sufficiently comparable average grain size and change rate across all ageing conditions can be achieved through a sufficient 80 sampling of the inhomogeneous structure such as that performed here. Moreover, given the origin of the grain structure, its analysis constitutes a interesting exercise for anyone concerned with the practical utilisation of Alloy 625 products. The only condition which must be placed on the results is with respect to the specific magnitudes of the variables calculated e.g. a homogeneous grain structure will display the same general behaviour but 85 will likely be defined by a slightly different specific activation energy.
Normal Grain Growth Analysis
The classical expression describing normal isothermal grain growth is given in Equation 1 whereD(t) is the average grain size at time t,D 0 is the initial grain size and n and k are exponent and rate constants respectively [34] .
Treating grain growth as a thermally-activated process, the rate constant k can alternatively be defined by an Arrhenius equation yielding the well known expression in Equation 2, where Q is the apparent activation energy for grain growth, k 2 is a constant dependent on the physical kinetics, R is the ideal gas constant and T is the absolute temperature [35] . from measurements made on a sample subject to the solution annealing treatment only.
ln
Time Exponent and TEM analysis of Grain boundary Carbides
Isothermal plots of grain size are shown in Figure 4 together with least squares linear regression fits which also incorporate the uncertainties associated with each datapoint. The resultant values of for the time exponent are given in Table 2 Verification of the presence of carbides that could exert such an influence on the grain 
Activation energy and rate constant
With the value of n determined for each temperature, isochronal plots corresponding to the relation detailed in Equation 4 can be created as shown in Figure 6 . It is immediately noticeable from the data points that at least two distinct growth regime regions exist for the 145 alloy, one incorporating temperatures around 600-650
• C and another around temperatures of 700-800
• C. As consequence, rather than making a singular fit to the entire data set two separate fits, one for each of these regions, are made instead as indicated in the figure. The values for the activation energy and rate constant calculated accordingly for each region, together with a separate trend inferred from the intervening temperatures, are listed in Table   150 3. Table 2 . Comparison of the trends obtained here to those developed by Cahn [46, 37] , based on the theoretical treatment of the effects of solute drag, allows one to conclude the seeming three regime behaviour is a manifestation of a so called intermediate or high driving force mechanism for grain boundary migration operating within the alloy. That is, the driving 155 force is of sufficient magnitude for the grain boundary to reach high enough velocities where the transition between the impure (solute drag increasing with velocity) and pure (solute drag decreasing with velocity) type boundary movement expected with temperature in the alloyed system is defined by an inflection.
The particularly high solute concentration in Alloy 625, means the probability of the 160 system operating specifically in the high driving force regime, whereby the calculation leads to the formation of an unstable region in which the slope theoretically becomes negative, is significant. As a result, rather than a high activation energy transitional region as indicated in Figure 6 , a discontinuous transition between the high and low velocity regions is most likely [46, 37] . However, due to the narrowness of the inflection region, conclusive discrimination With regard to the specific vales detailed in Table 3 for Alloy 625, the activation energy for volume self-diffusion in Alloy 625 calculated as a weighted average from binary couples 170 detailed in the literature [47, 48, 49, 50] is estimated as 148.6 kJ mol −1 . Accordingly, as the activation energy for grain boundary diffusion in nickel is typically around half that in the bulk [49] it is likely gain boundary diffusion which is the principle (i.e. subject to the aforementioned influence of solute drag and, separately, grain boundary/ interface diffusion) governing mechanism for grain growth over both the upper and lower temperature is subject to change with the gathering of more experimental data.
Vickers Hardness
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Vickers hardness plots measured from aged samples are shown in Figure 7 . According to the Hall-Petch relationship [52, 53] , a reduction in hardness is expected as the grain structure of material coarsens, but such a trend is not observed over any of the measured conditions for Alloy 625 here. Instead, comparison of the trends with a number of different TTT curves detailed in the literature for Alloy 625, as per Figure 9 , enables the conclusion 185 that it is intermetallic precipitates which produce the observed hardening, with γ ′′ particles overwhelmingly having the greatest impact. The significant strengthening imparted by γ ′′ precipitates has been noted by many researchers [7, 8, 9, 10, 54, 55] , however the results here also imply that even a wide spread δ phase population (as evidenced directly by the optical micrograph in Figure 8 ) is still more than sufficient overcome the deleterious effect
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of increasing average grain size despite its much poorer strengthening properties compared to γ ′′ [20] .
In addition to the above conclusions, the relationships presented in Figure 7 also allow one to infer some of the evolutions of the intermetallic precipitates occurring in the material during heat treatment. Specifically, the observance of a cross over in the hardness values
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of material aged at 600
• C versus that aged at 650
• C after 3000 hours indicates that the precipitate size distribution has coarsened significantly and a likely transformation to δ phase The fact that intermetallic precipitates are detected but that no discernible correlation is observed be between the results in Figure 7 and those for grain size in Figure 4 is a significant result as it provides further evidence for the conclusion that it is carbides which are the dominant precipitate phase in terms of the control the grain evolution of Alloy 625.
That is, assuming the counterfactual, given the hardening results one would expect to see 210 a likely oscillatory behaviour grain size about a minima at 650
• C where the more rapidly formed and larger phase fraction of γ ′′ would restrict the grain growth most severely.
Summary and Conclusions
Measurements of grain size carried out on samples of Alloy 625 likely to contain precipitates have indicated the process to be dominated by both grain boundary carbide pre- 
